Abstract-This work presents the first in-vivo High-frame rate Contrast Enhanced Ultrasound (HFR CEUS) for cardiac application. The in-vivo acquisition has been made on a sheep. A coherent compounding of diverging waves combined with Pulse Inversion (PI) transmission allow a frame rate of 250 frame per seconds which is 8 times faster than standard CEUS acquisition in cardiac application. The proposed method improves the image contrast compared to the CEUS and allows a better tracking of fast movement of the heart.
I. INTRODUCTION
Contrast enhanced ultrasound imaging (CEUS) using microbubbles is revolutionalising the role of ultrasound that can play in clinical practice research [1] . The microbubbles (around few µm) are sensitive to ultrasound, and under certain pressure, they can generate significant signal enhancement. Various methods based on signal processing techniques have been proposed in order to achieve highly sensitive, specific and quantitative imaging of the bubbles for flow and perfusion imaging [2] , [3] . CEUS has shown great potential in the diagnosis and management of a range of cardiovascular diseases and cancer, and is gaining increasing acceptance clinically [1] , [4] .
Another recent significant advance in ultrasound is the development of high frame-rate (HFR) US imaging techniques [5] . HFR US enables a frame rate of up to tens of thousands of images per second allowing the tracking of shear waves [6] , cardiac strain imaging [7] , blood flow velocity mapping [8] , and brain functional imaging [9] . For cardiac acquisition HFR US techniques have also been developed using several transmission and/or reception approaches like multi-line acquisition [10] , multi-line transmission [11] and diverging waves transmission [12] [23] [24] [25] [26] [27] . The diverging transmission is the successive transmission of unfocussed ultrasound waves by using a virtual point source behind the probe and the coherent sum of the radio frequency (RF) images obtained in order to improve the image quality as in plane wave transmission [6] [15].
The combination of HFR US and CEUS can take advantage of both techniques and offer a unique capability for improved US imaging like Doppler technique [18] . We have recently demonstrated the use of HFR CEUS and image tracking for ultrasound imaging velocimetry (UIV, also called echo-Particle Imaging Velocimetry or e-PIV) to map arterial flow both in vitro and in vivo [19] and in visualizing flow profile by controlled destruction of a volume of bubbles and observing the bubble void evolves within the flow using HRF CEUS [20] . More recently ultrasound super-resolution of rat brain has been demonstrated using HRF CEUS [9] [21].
For cardiac application, non-HFR cardiac CEUS techniques have been developed [22] and evaluated clinically [23] for myocardium perfusion quantification. However existing myocardium perfusion using CEUS is limited by the low imaging frame rate and the relatively poor image quality and high level of noise which often require expert viewers to interpret the results and hinder its broader acceptance in the clinic. While in principle it is possible for CEUS to visualize the flow patterns within the chamber which is closely related to how well the heart (including the valves) function, the low frame rate makes it difficult to realize in practice.
We present the first ever in-vivo acquisition, as far as we are aware, on HFR cardiac CEUS for imaging cardiac flow and myocardium perfusion. The technique takes advantage of the high imaging sensitivity in CEUS with the high temporal and spatial resolution in HFR US, promising unprecedented image contrast and resolution.
II. MATERIALS AND METHODS
The experiments were been acquired using a 128-Verasonics research echographic scanner (Verasonics Inc., Redmond, WA) with a P4-1 phased-array probe having 96 active elements.
A. Transmission
Two transmissions have been used during the experiments: a CEUS transmission and a HFR CEUS transmission based on the diverging transmission [17] .
The CEUS transmission is the similar one used in most of ultrasound scanner using a line by line scanning approach. In order to obtain one CEUS frame, successive focused wave are transmitted along an angular width. Moreover for each angle step, two successive signals in opposite phase are transmitted, recorded and summed. It consists of the pulse inversion image formation.
The HFR CEUS transmission consists to the successive transmission of pulse inversion diverging waves and the coherent compounding of them. A virtual point source is created behind the transducer creating a diverging beam which enlarge the region illuminated which is identical to the angular width of CEUS. A compounded image is obtained by the successive transmission of signals in opposite phase and by tilting the virtual source [17] . Each transmission is recorded and combined in post-processing allowing PI image formation.
The transmission parameters used during the experiments are given in Table I . Using 11 angles (multiplied by two for PI), the frame rate of HFR CEUS is around 8 times faster. Moreover, the diverging transmission as a lower MI at 80 mm which is the focus depth of the CEUS approach. The maximum energy of the diverging wave is close to the probe at 20 mm and the MI is about 0.1.
B. In-vivo sheep experiment setup
The in-vivo experiments were conducted under licence from the UK Home Office at the University of Edinburgh on an adult female Scottish Greyface sheep under terminal general anaesthesia maintained using isofluorane [24] . The probe was held by a metallic arm and set in order to image the left ventricle. During the acquisition, ventilation was transiently paused to avoid chest movement. The sheep was set slightly on the side in order to avoid reflections from the ribs.
C. Post-processing and analysis
On HFR CEUS acquisition, a temporal filter similar to video filter used in clinical ultrasound scanners is applied in post-processing. Seven consecutives frames are averaged using a triangular window. The choice of the seven frames is linked to the frame rate improvement. Averaging seven frames, it gives the same frame rate as the CEUS approach. Moreover an overlap time average is realized so the same number of frame is obtained after the temporal filter. The image is named HFR CEUS SUM 7.
D. Image quality evaluation
The image quality improvement is evaluated by calculating the image contrast between the myocardium and microbbubles inside the chamber using the contrast-to-noise ratio (CNR) approach at two different positions close to the myocardium using the equation [25] Moreover the boundaries of the myocardium are still well defined and they don't suffer of a temporal filter. This is due to the high frame rate acquisition. Fig. 2 shows the CEUS, HFR CEUS and HFR CEUS SUM 7 images at the same frame as in Fig. 1 . The magenta squares in CEUS and HFR CEUS images show the position used for CNR calculation. The CNR results are given in Table II . Fig. 3 illustrates a segmentation of CEUS and HFR CEUS SUM 7 obtained using a non-rigid image registration algorithm [36] . A frame was chosen as reference and a manual segmentation of the myocardium is realized. Then the nonrigid registration algorithm is applied on all frames using the frame reference to obtain the segmentation results for the whole acquisition.
IV. DISCUSSION AND CONCLUSION
This work present the first in-vivo images of HFR CEUS cardiac acquisition.
The results show that because of the improvement of the frame rate, a temporal averaging filter can be applied on HFR CEUS without a reduction of the temporal resolution compared to the CEUS acquisition. The HFR CEUS SUM 7 highly improves the contrast in the entire image compared to CEUS approach without compromising imaging frame-rate. It should be noted that the acoustic pressure of diverging transmission in this study is much lower than that of standard focus transmission at the focus depth. The HFR CEUS also show some patterns inside the chamber while there are not visible in CEUS. This is likely due to the effect of fast flow motion on the coherent multiple angle compounding. Even if the frame rate of the HFR CEUS is improved, the coherent compounding may still be impacted by the flow inside the chamber.
A non-rigid image registration has been applied on CEUS and HFR CEUS SUM 7 approaches, Fig. 3 . Thanks to the good contrast between the microbubbles and the myocardium for HFR CEUS SUM 7, the non-rigid image registration gives a good segmentation of the myocardium for almost all frames acquired. With the time resolution improvement, the good tracking of the myocardium will allows a better estimation of the time intensity curve for myocardium perfusion.
The results obtained for this first in-vivo experiment show that the HFR CEUS using diverging transmission is promising thanks to the high time resolution and contrast improvement and could enable better myocardium perfusion quantification and new ways to track flow patterns inside the chamber.
